Abstract -Based on the constellation diagram of the different modulations, a novel S and Π-decision rules are designed for the analog demapper of the OFDM systems. The DSRC system is chosen as an OFDM platform to compare the performance among the proposed S and Π-decision decoder, hard-decision and soft-decision decoders. Simulation results demonstrate that both the complexity and performance of S and Π-decision demapper used for M-ary QAM OFDM system can be greatly improved. The number of decisions between the received symbol and constellation points can be simplified to look up table 2 log M times for M-ary QAM OFDM system.
I. INTRODUCTION
Channel codes are an indispensable scheme to have reliable communication over the mobile radio environment. In the traditional digital communication system where the digital Viterbi decoder is used, the maximum likelihood decision rule is applied to both the demapper and digital hard-decision or soft-decision Viterbi decoder. The soft-decision decoder is the recommended scheme to be used in the digital Viterbi decoder because it provides a coding gain over the hard-decision decoder [1] [2] . A simplified algorithm of the soft-decision Viterbi decoder for the 16-QAM and 64-QAM constellations was presented in [3] , which allows the complexity of the demapper to be maintained at almost the same level for all the possible modes of HIPERLAN/2. In [4] , it presented that for M-ary QAM systems the complexity of the demapper in a softdecision Viterbi decoder used for bit-interleaved coded modulation can be significantly lowered without compromising the performance. Four types of analog-input Viterbi decoders are described and compared in [5] , where the A/D converter is included as part of a digital Viterbi decoder. The analog circuit flaws of the previously used add-compareselect (ACS) chips are included in the comparison. It concludes the analog Viterbi decoder is able to outperform the digital Viterbi decoder, as well as achieve 3-bit or higher decoding resolution. In this paper, we propose a new S and Π-decision decoder, where the S and Π-decision rules are designed for the analog demapper of the OFDM signals; the ACS and path memory (PM) modules, which are parts of the analog Viterbi decoder introduced in [6] , are used to perform the Viterbi decoding work. The proposed S and Π-decision demapper combined with the digital Viterbi decoder is another alternative to using the S and Π-decision decoder. Because analog Viterbi decoder is able to outperform the digital Viterbi decoder and analog VLSI implementation is in general more area and power efficient than digital implementation, the performance comparison of the S and Π-decision decoder using the digital Viterbi decoder is not included in the paper.
The dedicated short-range communications (DSRC) system [7] , which employs OFDM technique, provides wireless communications over a short distance between the roadside and high-speed mobile radio units or between high-speed vehicles. The DSRC system will work in a mobile environment with time-varying characteristics. The timevarying fading effect of the DSRC system may not be effectively compensated by using the long symbol training and pilot-based frequency synchronizer. The combined interleaving and convolution coding, which provides the time diversity function, may further improve the performance of the DSRC system. We choose DSRC system as a basis for the performance comparison among different decoders. Based on the analog-input Viterbi decoder, the coding gain of the DSRC system achieved by replacing the hard-decision and softdecision decoders with the proposed S and Π-decision decoder will be confirmed with the simulations.
The rest of this paper is organized as follows. In Section II, several channel decoding schemes are described. The proposed S and Π-decision decoder is depicted in detail for the BPSK, QPSK, 16-QAM and 64-QAM OFDM signals of the DSRC systems. Section III briefly describes the base band model of the DSRC system, which is used to compare the BER performance of the DSRC system for the different decoders. Simulation results are given in Section IV, which show the coding gain achieved by the proposed S and Π-decision decoder compared to the hard-decision and soft-decision decoders. Finally, conclusions are drawn in Section V.
II. S AND Π-DECISION DECODER FOR THE OFDM SYSTEMS
In the traditional digital communication system, the digital Viterbi decoding uses a maximum likelihood rule which is ideal for an AWGN channel. For a hard-decision Viterbi decoder, the samples matching to a single bit of a code word are quantized to the two levels zero and one, a decision is made as whether each transmitted bit in a code word is zero or one. The coding gain of the soft-decision Viterbi decoder for the This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the ICC 2008 workshop proceedings. hard-decision Viterbi decoder in Rayleigh fading channel increases to about 2dB [1] . A four-level discrete symmetric channel model [2] is used for the soft-decision decoder. The demapper assigns one of four values to each received signal. The path metrics in the Viterbi algorithm are calculated by weighing the square of the Hamming distance between the soft-decision and the reference value. The four-level softdecision Viterbi decoder is almost exactly as shown for the hard-decision case with the only difference being the increased number of path metrics.
The block diagram of the proposed S and Π-decision decoder for the OFDM system is shown in Fig. 1 , where it consists of a S and Π-demapper and an analog Viterbi decoder. The S and Π-decision decoder is a non-uniform infinite-level quantization decoder. The S and Π-decision demapper assigns an analog complex value to the analog Viterbi decoder for each received signal z(y) according to a combination of S and Π functions, as shown in Fig. 2 . The Π function [8] , as shown in Fig. 2(a) , is defined as follows: 
while the Π-function goes to 0.5 at the crossover points Notice the parameter R is now equal to one, which is the total width at the crossover points; parameter M is now equal to zero, which is the middle point of the Π-function. The Sfunction, as shown in Fig. 2(b) , is defined as follows.
The constellation diagram of 16-QAM is shown in Fig. 3 (3) b are transmitted in I and Q-channel, respectively. Both first two bits (boldface) of the I-channel from left to right message points and last two bits (Normal) of the Q-channel from bottom to top message points have the same 8-bit pattern 00 01 11 10 in Fig. 3 . The first four odd bits are 0 0 1 1 and the second four even bits are 0 1 1 0 can be estimated by using the S and Π ' -decision rule, respectively. The Π ' -decision rule as shown in Fig. 4 
where the S-function is defined in (4 This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the ICC 2008 workshop proceedings. 
The third 8-bit pattern 0 1 1 0 0 1 1 0 can be estimated from the 
The first three bits b ) gained through the combinational S and Π-decision rules are input to analog deinterleaver and analog Viterbi decoder in turn. The analog deinterleaver [10] permutes the analog demapper output according to the switching order performed in the interleaver. The analog Viterbi decoder consists of the analog ACS module and a digital PM module [6] . ACS module performs the calculation of the analog path metrics. The transmitted message bits are decoded by PM module using the trace back through the trellis architecture. The decoding algorithm and the sequence control for analog Viterbi decoder remain identical with the digital Viterbi decoder.
III. BASE BAND MODEL OF THE DSRC SYSTEM
The block diagram of the DSRC system is shown in Fig. 5 . The received signal vector is given by 
IV. SIMULATIONS
The simulations focus on comparing the DSRC system performance among the proposed S and Π-decision decoder, hard-decision and soft-decision decoders. The DSRC system is specified in the 5.85-5.925GHz ITS radio services band. In a DSRC system, one frame has 100 OFDM symbols [7] . The total number of subcarriers is 64 including four uniformly distributed pilot subcarriers and 12 guard subcarriers. According to the IEEE 802.11p standard, the minimum input signal to noise ratio values of the DSRC receiver for 16-QAM OFDM (12Mbps), 16-QAM OFDM (18Mbps) and 64-QAM OFDM (27Mbps) modulations are 17, 24 and 27dB respectively, which are used as a basis for evaluating the receiver performance. The 12Mbps data transmission rate is made by using 1/2-rate convolutional code. The 18Mbps and 27Mbps data transmission rates are produced by using 3/4-rate convolutional code. The quantization loss for the digital decoding is also considered in the decoding BERs of Figs. 6 and 8.
Based on analysis results in [11] , the quantization loss for convolutional decoding relative to the continuous case for twolevel, four-level and eight-level digital Viterbi decoders are evaluated as 7.73, 1.78, and 0.52 dB with the 1/2-rate convolutional code; 11.43, 2.19 and 0.55 dB with the 3/4-rate convolutional code. These losses remain roughly constant across the range of BER plotted. Referring to the SPICE simulation results in [6] , the loss of real analog Viterbi decoder with 0.002 ACS noise and 10% comparator offset is less than 0.2 dB roughly compared with the ideal analog Viterbi decoders. Therefore, the ACS noise and the comparator offset will not be considered in the following simulations.
In the DSRC system, the coherence time When the quantization loss for the convolutional decoding is considered, the BER of 16-QAM OFDM DSRC system is shown in Fig. 6 , where using a hard-decision Viterbi decoder is higher than 10 -5 at the minimum SNR (17dB) for the case of the 12Mbps data transmission rate. The 16-QAM OFDM DSRC system using the four-level and eight-level softdecision and analog Viterbi decoders will be reduced to less than 10 -5 at the minimum SNR (17dB), which meet the requirements specified in the IEEE802.11p standard. It is noted the S and Π-decision decoders results in a coding gain of 1.5 dB and 5.2dB compared to the eight-level and four-level soft-decision decoders, respectively, when the quantization loss for the convolutional decoding is considered. Fig. 7 shows the BER of 16-QAM DSRC system using the hard-decision decoder cannot be lower than 10 -5 , when the data transmission rate increases to 18Mbps. The hard-decision curve has a floor that is generated by the hard-decision loss under the two-ray Rayleigh fading channel environment. The 16-QAM DSRC system using both the soft-decision decoder and the S and Π-decision decoders will reduce the BER to less than 10 -5 at the minimum SNR (24dB), which meets the requirements specified in the IEEE802.11p standard. The S and Π-decision decoder has a 1.5dB coding gain compared with the four-level soft-decision decoder.
The BER of 64-QAM DSRC system is shown in Fig. 8 , where the quantization loss for the convolutional decoding is considered and the vehicle speed reduces to v D = 120 km/hr. It showed the 64-QAM DSRC system using three different decoders can be reduced to less than 10 -5 at the minimum SNR (27dB), which meets the requirements specified in IEEE802.11p standard. The S and Π-decision decoder results in a coding gain of 2.5 dB, 5dB and 15 dB compared to the eight-level soft-decision, four-level soft-decision and harddecision Viterbi decoders, respectively, when the quantization loss for the digital Viterbi decoding is considered.
V. CONCLUSIONS
A new S and Π-decision rules are proposed for the analog demapper of the orthogonal frequency division multiplexing (OFDM) system. The dedicated short-range communications (DSRC) system is chosen as an OFDM platform to compare the performance of the S and Π-decision decoder, which consists of an S and Π-decision demapper, analog deinterleaver and an analog Viterbi decoder, with hardThis full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the ICC 2008 workshop proceedings.
decision and soft-decision decoders. Simulation results show the coding gain of the S and Π-decision decoder relative to four-level and eight-level soft-decision decoders are evaluated as 5.4dB and 1.5 dB, respectively, with the 16-QAM DSRC system; and 5dB and 2.5 dB with the 64-QAM DSRC system when the quantization loss for the convolution decoding is considered. Each analog demapper output can be determined by looking-up S and Π table   2 log M times for M-ary QAM OFDM systems. Many other applications related to OFDM with the proposed S and Π-decision decoder are possible. 
